The search for topological semimetals is mainly focused on heavy-element compounds as following the footsteps of previous research on topological insulators, with less attention on light-element materials. However, the negligible spin orbit coupling with light elements may turn out to be beneficial for realizing topological band features. Here, using first-principles calculations, we propose a new two-dimensional light-element material-the honeycomb borophene oxide (h-B 2 O), which has nontrivial topological properties. The proposed structure is based on the recently synthesized honeycomb borophene on Al (111) substrate [Sci. Bull. 63, 282 (2018)]. The h-B 2 O monolayer is completely flat, unlike the oxides of graphene or silicene. We systematically investigate the structural properties of h-B 2 O, and find that it has very good stability and exhibits significant mechanical anisotropy. Interestingly, the electronic band structure of h-B 2 O hosts a nodal loop centered around the Y point in the Brillouin zone, protected by the mirror symmetry. Furthermore, under moderate lattice strain, the single nodal loop can be transformed into two loops, each penetrating through the Brillouin zone. The loops before and after the transition are characterized by different ℤ × ℤ topological indices. Our work not only predicts a new two-dimensional material with interesting physical properties, but also offers an alternative approach to search for new topological phases in 2D light-element systems.
Introduction
Over past decades, one of most profound leaps in condensed matter physics is the recognition of non-trivial band structures in solid materials, leading to a field of topological materials [1] [2] [3] [4] [5] . At present, the study on topological materials is mainly focused on compounds involving heavy elements, hoping that the strong spin-orbit coupling (SOC) could help to induce the desired topological band features [6] [7] [8] [9] [10] . However, the nontrivial topology can also appear in light-element materials with negligible SOC. For example, the band inversion and associated topological feature for graphene have been noticed long ago 11, 12 . Recent works also revealed a variety of topological nodal-point 13 , nodal-loop (including Hopf-link) [14] [15] [16] [17] , or even nodal-surface 18, 19 semimetal phases in carbon allotrope materials. It has been emphasized that such topological phases in the absence of SOC is fundamentally distinct from the SOC-induced topological phases 17 .
Without SOC, the real spin is a dumb degree of freedom 20 . Then the fundamental time reversal operation ( ) satisfies 2 = 1, contrasting with 2 = −1 for the spinful case. Thus, the two belong to different topological classifications 21 .
Boron is next to carbon in the periodic table and is also a typical light element.
Previous works have shown that boron can also form various allotropic structures, and some of them also exhibit topological properties. For example, Dirac-type band crossings have been predicted in 2D 12 borophene 22, 23 . On the experimental side, the successful realization of 2D borophene 24, 25 has triggered a lot of interest in searching for topological properties in 2D boron allotropes as well as their derivatives [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Considering the electron-deficiency in boron as compared with carbon, it seems that a honeycomb structure similar to graphene cannot be realized for 2D boron 35 .
Surprisingly, a recent experimental work by Li et.al 36 reported the growth of such honeycomb borophene on Al(111) substrate. In view of the topological features in graphene, one may naturally ask: Does the honeycomb borophene also possess nontrivial topological features near the Fermi level? Unfortunately, for pristine honeycomb borophene, the answer is negative 35, 37 .
Generally speaking, 2D materials are prone to oxidation under ambient conditions.
For many cases, this is considered as a disadvantage, but from another point of view, oxidation can be used to improve the stability of the structure, and to tailor the physical and chemical properties. Moreover, oxygen is also a light element which can be helpful for achieving SOC-free topological materials. For instance, oxidized blue phosphene was found to host 2D double Weyl and psedospin-1 fermions 38 . The semi-Dirac semimetal was also reported in silicene oxide 39 . From the discussion, it is natural to consider oxidized borophene structures, which may have improved stability and possible topological band features.
Motivated by the recent experimental progress with the honeycomb borophene,
here, through first-principle calculations, we propose a new 2D material: the honeycomb borophene oxide (h-B 2 O). We find that in the fully optimized structure, h-B 2 O takes a strictly planar form, unlike the graphene or silicene oxides. 
Results and Discussion
It is well known that oxygen atoms tend to adopt the bridge sites in graphene or silicene oxides, forming an epoxide structure [40] [41] [42] [43] . As for the honeycomb borophene structure, our calculation shows that after adding an oxygen atom to the bridge site, the structure automatically relaxes, and the oxygen atom moves into the basal plane to form a completely planar structure (see Fig S1 of supporting information in detail). After optimization, we find one stable 2D borophene oxide structure, as shown in Figure 1 (a).
One observes that the monolayer is completely planar, and consists of hexagons elongated along the b-axis. Hence, we name this material as the hexagonal borophene
The material has the space group Cmmm (No. 65), with two B and one O atoms in a primitive cell (see Fig 1a) . The optimized lattice constants are a = 2.806 Å and b=7.127 Å, respectively. The equilibrium bond lengths of B-B and B-O are 1.706 Å and 1.341 Å, respectively. The corresponding Brillouin zone (BZ) is a deformed hexagon (see Fig 1b) . showing that the structure is still well kept (see Fig S2) . We also notice that a honeycomb borophene hydride (h-B 2 H 2 ) with two hydrogen atoms located at both sides of the bridge sites of honeycomb borophene has been synthesized recently 45 . This h-B 2 H 2 has identical space group with h-B 2 O (see Fig S3) . We have calculated the formation energies of these two structures with the formula:
and are the chemical potential of B atom and X atoms, which are calculated from the hexagonal borophene and X 2 molecule respectively, is the total energy of system, and are the number of B atoms and X atoms in the structure. With this definition, a smaller value indicates a higher stability. The calculated formation energy for h-B 2 O is -1.545 eV/atom, which is more than three times larger than that for h-B 2 H 2 (-0.462 eV/atom). This implies that h-B 2 O also has a good possibility to be realized in experiment. Furthermore, compared with the formation energies of other 2D B n O m materials 46 as shown in Figure S4 , it is clear that the predicted h-B 2 O is located on the convex hull, indicating its stability.
Due to the lack of one electron compared with carbon, unlike graphene, the 2D honeycomb boron structure is typically unstable. As pointed out by Zhang et al. 47 and
Shirodkar et al. 48 , a possible approach to stabilize honeycomb boron is by electron doping. The recent experimental breakthrough by Li et al 36 . achieved this by growing honeycomb boron on the Al substrate. In this work, we offered another approach, i.e. by oxidation, which also makes a stable 2D planar structure.
Next, we examine the elastic properties. The elastic constants for h-B 2 O have been obtained from strain-energy-vs-strain curves, corresponding to suitable sets of deformations applied to a single unit cell 49 . The conventional rectangular lattice requires the independent elastic constants and strain energy to satisfy the relation: = (2) where = 11 22 − 12 2 , = cos( ) and = sin( ). Through Eqs. (1) and (2) and using the elastic constants reported in Table 1 Now we investigate the electronic properties for h-B 2 O. Its band structure calculated from first-principles calculations is plotted in Figure 5 . One observes that two bands cross near the Fermi level. The orbital-resolved band structure manifest clearly that the two crossing bands have different orbital origins: One band is mainly contributed by the p y orbitals of B and O, while the other band is mainly from the p z orbitals of B and O (see Fig. 5a ). The orbital constitution is further consolidated by the projected density of states (PDOS, see Fig. 5a ) and the band decomposed charge densities (see Fig. 5b ). A careful scan of the band structure shows that the crossing points on Γ-Y and Y-M are not isolated. They actually belong to the same nodal loop centered around the Y point (see Fig. 5c ). It shows that the band ordering for the two low-energy bands are inverted between Y point and other high-symmetry points of the BZ, with the band inversion gap reaching 4.78 eV at the Y point. We also calculate the band structure by the more accurate HSE calculation (see Fig. S5 ), which confirms that the key band features are maintained. Therefore, we will focus on the PBE result in the following.
This nodal loop is protected by the mirror symmetry M z . The p y orbital is even with respect to mirror operation M z , however, the p z orbital is odd. Thus, the two crossing bands would have opposite mirror eigenvalues, such that they cannot hybridize and the crossing between them cannot be gapped. This has been checked from our firstprinciples calculations. Note that the protection holds when the SOC is negligible, which is the case for h-B 2 O since only light elements are involved (see Fig. S6 ). In the case of strong SOC, a gap can be opened at the nodal loop. Table 2 . Table 2 . The tight-binding parameters for the TB model. The corresponding hopping processes are labeled in Fig. 6(a, b) We construct a tight-binding (TB) model to describe the low-energy band structure of h-B 2 O. Although there are two B atoms and one O atom in the primitive cell (see Fig. 1a ), we find that the model may be simplified by dropping the O sites, which does not affect the symmetry of the model. Hence, we can write down a TB model based on the p y and p z orbitals on the B sites in the unit cell, as shown in Figure 6(a, b) . The TB Hamiltonian reads:
where α + and α represent the creation and the annihilation operators, respectively. is the on-site energy of the orbital ; α, α is the hopping energy between orbitals at sites i and j. Since the p y and p z orbitals are orthogonal, it turns out that they are decoupled in the TB model (3). Only the nearest-neighbor hopping processes are considered for p z orbitals (see Fig. 6b ). As for p y , because the p y orbital lies in the plane of h-B 2 O, the nextnearest-neighbor interaction cannot be ignored (see Fig. 6a ). As shown in Fig. 6c , even with this very simple TB model, the main features of first-principles results can be captured very well.
As discussed before, h-B 2 O has good mechanical properties, hence lattice strain can be used as a convenient tool to tailor the electronic properties of h-B 2 O. From the stress-strain relationship, we find that h-B 2 O can sustain at least 10% strain along the two lattice directions (see Fig. S7 ). The energy difference between p y -band and p z -band under different strains are plotted in Figure 7 . With tensile strain along the a-axis, the nodal loop would contract towards the Y point (see Fig. 7a ). On the other hand, with compressive strain along the a-axis, the loop expands towards the BZ center, and touch at the Γ point under a critical compressive strain of 1.45% (Fig. 7b) . After passing through this critical strain, the loop splits into two loops, each penetrating through the BZ in the Γ-Y direction (see Fig. 7c ). As discussed by Li et al. . From this reasoning, we may argue that light-element materials have a higher chance to host topological semimetal phases.
Finally, light-element materials also have another advantage: its band dispersion is typically larger. This is beneficial because the linear dispersion around the band crossing would expand a larger energy window, facilitating the experimental detection. We have calculated the band structure of h-B 2 O on substrate. As shown in Figure S11 , the nodal loop feature in h-B 2 O can be maintained when encapsulated by 2D BN (see Supporting Information in detail).
Conclusion
In conclusion, by using first-principles calculations, we discover a new 2D material, Interestingly, with moderate strain, the single loop can be transformed into two loops, each traversing the BZ, signaling a topological phase transition. We also point out that light-element materials have their own advantages for realizing topological semimetal phases. Our work not only reveals a new 2D material with interesting properties, it also provides an alternative route for achieving topological phases in two dimensions.
Methods
Our first-principles calculations were performed within the density functional theory (DFT) formalism as implemented in the VASP code 64, 65 . We used the generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) 66 realization. The interaction between the core and valence electrons was described by the projector-augmented wave method
67
. The kinetic energy cutoff was set to 600 eV. The atomic positions were optimized using the conjugate gradient method with total energy and maximum force convergence criteria set as 10 -6 eV/atom and 10 
